ABSTRACT An endonuclease of Escherichia coli active on a DNA treated with methylmethane sulfonate has been separated from an endonuclease active on depurinated sites. The former enzyme is designated here as endonuclease II, while the latter enzyme is designated as apurinic acid endonuclease. Endonuclease II is also active on DNA treated with-methylnitrosourea, 7-bromomethyl-12-methylbenz[a anthracene, and 'y-irradiation. A third fraction which contains activities for both depurinated and alkylated sites needs further study. Endonuclease II, molecular weight 33,000, has been purified 12,500-fold and does not have exonuclease III activity. Apurinic acid endonuclease, molecular weight 31,500, has been purified 11,000-fold and does not have exonuclease III activity. Exonuclease III, molecular weight 26,000, has been purified 2300-fold and does not have endonucleolytic activity at depurinated reduced sites or at alkylated sites in DNA. Therefore, these are three separate proteins. Exonuclease III can produce, presumably by its exonucleolytic activity, double-strand breaks in heavily alkylated DNA under conditions where it does not make single-strand endonucleolytic breaks at either depurinatedreduced or alkylated sites. The first purpose of this paper is to define endonuclease II of Escherichia coli as an activity different from the apurinic acid endonuclease of E. coli. Strauss and Robbins first described an endonucleolytic activity in extracts of Bacillus subtilis that recognized alkylated DNA (1). In this laboratory, an enzyme in extracts of E. coli, active on heavily alkylated DNA, was partially purified, characterized, and designated endonuclease II of E. coli (2, 3). The substrate used for these experiments was DNA that was entrapped in a polyacrylamide gel and then alkylated with methylmethane sulfonate [MeSO2OMe (MMS)] at an MeSO2OMe-to-nucleotide ratio of 6000 to 1. A partially purified preparation of endonuclease II was also found to have an endonucleolytic activity on depurinated reduced DNA (4), and this activity was thought to be due to the same enzyme that was active on MeSO20Me-treated DNA. However, Verly et al. (5, 6), using the purification procedure originally described in this laboratory, obtained an enzyme that was active on depurinated DNA but not on alkylated DNA. Subsequently, we succeeded in separating the activity on depurinated sites in DNA from the activity on MeSO2OMe-treated DNA (7, 8) . The former we designate as the apurinic acid endonuclease of E. coli, while the latter we designate as endonuclease II of E. coli. Endonuclease II of E. coli is also active on DNA treated with methylnitrosourea, 7-bromomethyl-12-methvlbenz-[alanthracene, and y-irradiation (7-11).
The second purpose of this paper is to demonstrate that endonuclease II, the apurinic acid endonuclease, and exonuclease III are separate proteins. Originally, Yajko and Weiss (12) demonstrated that a number of E. coli mutants deficient in exonuclease III were also deficient in "endonuclease II" and vice versa. The "endonuclease II" activity was measured with heavily alkylated DNA in acrylamide gel (2) , as noted above.
They found that the two activities copurified and a thermosensitive mutant of one activity was thermosensitive for the other activity. Furthermore, in a revertant of one of the mutants, the levels of both activities increased. This evidence suggested that the two enzyme activities were due to the same protein. Weiss has recently purified a protein of molecular weight 28,000 to homogeneity (13) and showed that it has the activity expected of exonuclease III and also has an activity on the heavily alkylated DNA entrapped in polyacrylamide gel. He 
METHODS
Assays. The assays for the endonucleases involved either DNA immobilized in acrylamide gel or DNA examined on sucrose gradients. [3HjThymidine-labeled T4 DNA was prepared as described (2) . Preparations of DNA had specific activities ranging from approximately 1 to 5 X 103 cpm/nmol. Endonuclease assays, using either the DNA-gel or sucrose gradients, and the exonuclease assay are described in the legends to Figs. 1 and 2.
Enzymes. The E. coli strain used for small-scale enzyme purification was AB 1157. This was grown in a fermentor to mid-logarithmic phase in a modified EM-9 medium (16) For a large-scale preparation of the apurinic acid endonuclease and endonuclease II, E. coli JC4583 (endo I-, his-, F-, gal-, SMs, BI-) was grown at the New England Enzyme Center, and 800 g were used. The purification steps will be described in future publications. Although each purified endonuclease preparation, when examined by sodium dodecyl sulfate (NaDoSO4)-gel electrophoresis, showed only a single band, it could not be concluded unequivocally that the preparations were homogeneous because large amounts of enzyme were not available to look for small amounts of contaminant protein.
Exonuclease III was purified from 200 g of E. coil (JC 4583) by a modification of the procedure of Richardson and Kornberg (15) , which included ammonium sulfate fractionation and DEAE-cellulose, phosphocellulose, Sephadex G-100, and hydroxyapatite column chromatography. The enzyme purification was 2300-fold when the 3'-phosphatase activity in fraction III due to exonuclease III was used for the calculation. The preparation was not homogeneous by NaDodSO4 gel electrophoresis. Dr figure. Ten-milliliter fractions were collected and 50 AI of every fourth fraction was assayed for apurinic acid endonuclease, endonuclease II, and exonuclease III. For the endonuclease assays, labeled DNA was entrapped in a polyacrylamide gel which was forced through a screen to produce gel particles (14) . Depurinated reduced DNA gel was prepared by suspending the gel in four volumes of 0.1 M sodium citrate buffer at pH 3.5 plus 0.1 mM EDTA and heating at 450 for 30 min. The gel was then cooled, the pH was adjusted to 6.5 with NaOH, and potassium phosphate buffer at pH 6.5 8.0 and resuspended in the same buffer. The packed DNA gels contained 60-80 nmol of DNA nucleotide per ml of packed volume. Both types of gels were used on the day of their preparation. Incubation mixtures contained 20 nmol of DNA substrate, 0.05 M Tris-HCl at pH 8.0, 10-4 M 8-hydroxyquinoline, 10-4 M dithiothreitol, and 1.5 mg of bovine serum albumin in a volume of 1.5 ml. Incubations were at 37°for 30 min and were stopped with 0.1 ml of 1% NaDodSO4. After dilution with water to 2.0 ml and centrifugation, the radioactivity of a 1.0-ml aliquot was determined in a liquid scintillation counter. One unit represents 1 (2 X 104 cpm/nmol) was digested with micrococcal nuclease until 30% was acid soluble; the higher-molecular-weight material remaining after dialysis was used (15) . Incubation mixtures contained 50 nmol of DNA, 10-3 M 2-mercaptoethanol, 10-2 M MgCl2, and 0.066 M potassium phosphate at pH 7.0 in a volume of 0.3 ml. After incubation for 30 min at 370, 0.5 mg of calf thymus DNA was added, followed by 0.5 ml of 10% trichloroacetic acid. The radioactivity that did not absorb to Norit charcoal was determined (15) . One unit of 3'-phosphatase activity is defined as the amount of enzyme able to release 1 nmol of 32P/30 min at 370 (15) . Exonuclease III activity was also measured by determining the 5% trichloroacetic acid-soluble material from the [32P]DNA used for the 3'-phosphatase assay after a 30-min incubation at 37O. (A) 32p; release.
RESULTS

Separation of apurinic acid endonuclease and endonuclease II
The apurinic acid endonuclease can be separated from endonuclease II by DEAE-cellulose chromatography (Fig. 1) . When fraction III, a 45-70% ammonium sulfate precipitate, was applied to a DEAE-cellulose column, the apurinic acid endonuclease (peak I) was eluted with 0.1 M NaCI prior to the gradient. This activity was assayed by the gel method using DNA with very few depurinated-reduced sites. This enzyme has been purified 11,000-fold in this laboratory, to a single band on NaDodSO4 gel electrophoresis. It has a molecular weight by gel filtration of 31,500. Verly and Rassart have also purified this enzyme 9450-fold to homogeneity (17) and have found a molecular weight of 32,000 by gel filtration and 33,000 by NaDodSO4 gel electrophoresis. Endonuclease Fig. 2A and B) . T4 DNA was depurinated and then reduced with NaBH4 to prevent alkali-catalyzed phosphodiester bond hydrolysis (4). After incubation with or without exonuclease III or the apurinic acid endonuclease, samples were examined in alkaline sucrose gradients. Fig. 2A (Fig. 1, peak  III) . Also, in the preparation purified 12,500-fold there was no significant exonuclease III 3'-phosphatase activity ( Table 1) . The low activity observed with depurinated reduced DNA seems to be an intrinsic property of the enzyme.
Exonuclease III, therefore, has no endonucleolytic activity directed against depurinated or alkylated sites, and as noted above, the purified apurinic acid endonuclease and the endonuclease II preparations have no significant exonuclease III activity.
False-positive assays of endonucleolytic activities by exonuclease III One basis of the claim that exonuclease III and endonuclease II were the same protein (13) was the use of the DNA-gel assay. The conclusion was that a homogeneous protein with a molecular weight of 28,000 had exonuclease, 3'-phosphatase, and endonuclease activity (13) . If DNA is released from the gel by exonucleolytic activity, then an erroneous conclusion could be drawn. To measure the "endonuclease II" activity of the purified protein (13) the method that was originally described in our laboratory was used in which DNA is entrapped in a polyacrylamide gel and then alkylated heavily with MeSO2OMe (2). We show here that exonuclease III can make double-strand breaks in heavily alkylated DNA (Fig. 2C) under conditions where there is no endonucleolytic activity ( Fig. 2A and B) . T4 DNA was treated at the high MeSO2OMe to nucleotide ratio and then used as a substrate. After incubation with the enzyme, the DNA was examined in neutral sucrose gradients to look for double-strand breaks (Fig. 2C) . It is apparent that double-strand breaks occur with the exonuclease III preparation, which does not make single-strand breaks at either apurinic ( Fig. 2A) or alkylated (Fig. 2B) sites. We suspect that the heavily alkylated DNA can undergo chemical depurination, and at some of these depurinated sites, 3-elimination with phosphodiester bond hydrolysis occurs. This creates sites for exonucleolytic action. If two sites are near but on opposite strands, exonucleolytic action will result in a double-strand break. Double-strand breaks are required to release DNA from a polyacrylamide gel (14) . Therefore, we feel that the endonucleolytic activity observed to be associated with the exonucleolytic activity (13) was actually due to the exonucleolytic action of the purified exonuclease III, which was able to produce double-strand breaks without making single-strand breaks.
A false assay was also observed in this laboratory with depurinated DNA. Exonuclease III, lacking the apurinic acid endonuclease activity ( Fig. 2A) , was chromatographed on Sephadex G-100 and the fractions were examined both by the Pi release assay for exonuclease III and by the gel assay using DNA with a small number of depurinated sites. Both activities paralleled each other but the endonucleolytic activity on the gel was very low compared to the Pi release and very low compared to the usual release by the apurinic acid endonuclease (see also Table 1 ). The experiments described in this section indicate that exonuclease III does not recognize apurinic or alkylated sites in DNA, but does give false-positive reactions, especially when heavily alkylated DNA is used.
DISCUSSION
The confusion regarding the nomenclature of the phosphodiesterases of E. coli that recognize depurinated sites and alkylated sites has been extensive. The term endonuclease II was originally used in this laboratory to define an enzyme active on DNA treated with MeSO2OMe (2, 3). We then concluded erroneously that the activity on depurinated DNA was due to the same enzyme (4). However, Verly et al. (5, 6, 17) demonstrated that the apurinic acid endonuclease had no activity on alkylated DNA. The two activities have now been separated, and each has been purified to a single band on NaDodSO4-gel electrophoresis. There is a third fraction, as yet not purified extensively, which contains both activities. We propose that the enzyme that recognizes depurinated sites be called apurinic acid endonuclease and that the enzyme that recognizes alkylated DNA as well as other substrates (8-11) be called endonuclease II. Endonuclease II has both a phosphodiesterase and an Nglycosidase activity (9, 10 (12) , lacks the apurinic acid endonuclease in peak I when grown at 420, but has a normal level of activity for MeSO2OMe-treated DNA in peak III (8) . A mutant, AB3027, isolated by HowardFlanders (19) , has no endonuclease II activity (peak III), but has a normal apurinic acid activity in peak I (8) . These observations provide further evidence that these are separate proteins coded for by separate genes.
Exonuclease III has been claimed to be endonuclease II (as defined by an activity on heavily alkylated DNA-gel) on the basis of genetic evidence (12) , and also on the basis of a homogeneous protein, purified 1600-fold, which showed both activities (13) . We have provided the following evidence to prove that exonuclease III is not endonuclease II: (i) the apurinic acid endonuclease has been purified 1 1,000-fold and has no significant 3'-phosphatase activity characteristic of exonuclease III. Its molecular weight is approximately 31,500. (ii) Endonuclease II has been purified 12,500-fold and also has no significant 3'-phosphatase activity. Its molecular weight is approximately 33,000. (iii) Exonuclease III has been purified 2300-fold and has no endonucleolytic activity on depurinated or alkylated sites in DNA. Its molecular weight is approximately 26,000. The probable explanation for the conclusion that exonuclease III was the same enzyme as endonuclease II (13) lies in the ability of the exonuclease to make double-strand breaks in heavily alkylated DNA under conditions where the enzyme is unable to make single-strand breaks at depurinated-reduced or alkylated sites. It should be emphasized that results such as those shown in Fig. 1 were obtained with DNA-gel assays in which the DNA was either depurinated sparingly or alkylated lightly and the gels were used for testing immediately after preparation. Purified exonuclease III has little activity on this depurinated gel and no activity on this alkylated gel.
However, these results do not close the issue. Yajko and Weiss claimed that their thermosensitive mutant, BW 2001, was missing both exonuclease III and endonuclease II (12) . We have examined the chromatographic pattern of this mutant, grown at elevated temperature, and shown that it is missing both the apurinic acid endonuclease as well as exonuclease III. They also claimed that AB3027 was missing both exonuclease III and endonuclease II. We have observed that the 3'-phosphatase activity of exonuclease III as well as the endonuclease II activity on MeSO2OMe-treated DNA (peak III) are both missing in this mutant but the apurinic acid endonuclease is normal. Furthermore, a deletion mutant, BW 9109, is missing all three enzymes. These data suggest that the genes for endonuclease II, apurinic acid endonuclease, and exonuclease III are all clustered in the region at 38.2 min on the revised map (20) , as determined by Weiss for exonuclease III (21) . The data also suggest that AB 3027 and BW 2001 are double mutants, but this requires further investigation. There is no evidence to support the hypothesis that these enzymes arise from a larger molecule by proteolytic cleavage.
